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|. INTRODUCTION 


Environmental pollutants may have a variety of effects on communities. An 
alteration of the taxonomic composition is a commonly observed impact. For 
example, a reduction in the number of species has been reported for waters 
receiving metal-rich waste," as well as for sites subject to both organic and 
inorganic pollutants.** Such a change in taxonomic composition of a community 
may be due to any of a wide variety of effects. These effects will be different 
for the multitude of species in a polluted site (due to differences in sensitivity 
among species or by virtue of the unique position that each species occupies in 
a foodweb), and may be as obvious as an increased mortality or reduced fe- 
cundity. For example, laboratory life-cycle exposures of crustaceans have shown 
reductions of the intrinsic rate of population growth by affecting survival, time 
till sexual maturity, number of broods, and brood development time.*'^ But 
effects may be more subtle. For example, a toxicant may elicit an avoidance 
response by nonsessile organisms. This was demonstrated for the addition of 
hydrogen and aluminum to natural streams, which resulted in an increased em- 
igration by several insect ѕресіеѕ.!! A toxicant may also have an indirect effect 
on an organism. For example, an increase of predation in metal-dosed systems 
was shown for the predation of caddisflies by a stonefly,'? and the predation of 
grass shrimp by killifish.'? On the other hand, a reduction in growth of rainbow 
trout in insecticide-treated ponds was shown to be due to a reduction in prey 
abundance, '^ while an algal bloom in an insecticide-treated microcosm was due 
to the removal of grazers.'* 

The continued presence of a species in a polluted environment does not 
necessarily mean that pollutants are not having an effect (be it direct or indirect) 
on this species. For example, immigration of conspecifics from nearby unpolluted 
sites may be the basis of a population’s survival in the polluted site. Another 
possibility is the occurrence of acclimation, where individuals become more 
resistant during their lifetime. Acclimation has been found for several populations 
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and can be due, for instance, to the induction of detoxifying enzymes. Finally, 
the continued presence of a species in a polluted environment despite an initial 
deleterious effect may be due to the evolution of resistance to the pollutant(s). 
This factor has obvious implications for long-term effects of both local pollution 
and global environmental changes, and will receive an in-depth treatment in this 
chapter. 

The evolution of resistance is best known for resistance to pesticides in pest 
species. At least 504 species of insects or mites are known to be resistant to 
pesticides,'* which demonstrates that resistance evolves commonly and rapidly. 
Factors that determine the occurrence and speed with which resistance to en- 
vironmental pollutants evolves are expected to be similar to those identified for 
the development of resistance to pesticides. '? The presence of heritable variation 
for resistance, selection pressures, immigration rates, etc. will all influence the 
evolution of resistance in a natural population that is exposed to an environmental 
pollutant. Resistance to environmental pollutants has been reported for several 
toxicants and species; for example, resistance to sulfur dioxide in 
Geranium carolinianum,” resistance to metals in several species of plants on 
abandoned mines,?!'? resistance to metals in bacterial strains isolated from tanks 
used in the metal-processing industry," and resistance to metals in an aquatic 
crustacean.™ Yet insufficient data are available, especially for populations of 
animals, to determine how likely it is that resistance will evolve in polluted 
епуігоптепіѕ. 2:26 In addition, insight is lacking on the interplay between the 
evolution of resistance and changes at the community level brought about by an 
environmental pollutant. This study looked at both aspects of the effects of 
metals in invertebrates exposed to the very high levels of a few metals in Foundry 
Cove. 

Foundry Cove is a tidal freshwater marsh on the Hudson River, located near 
Cold Spring (NY) approximately 87 km upriver from the mouth of the Hudson 
River. Waste from a nickel-cadmium battery factory was discharged into Foundry 
Cove from 1953 to 1971. Cobalt was released into the cove during some periods 
when it was being used as an additive. In spite of dredging in 1972 and 1973 
to remove the most polluted sediment, cadmium levels as high as 50,000 pg Cd 
per g dry sediment were found in 1975.” Generally lower Cd concentrations 
were found in surface sediment in 1983, though surface concentrations ap- 
proaching 40,000 ug/g Cd and subsurface Cd concentrations of 225,000 pg/g 
Cd were encountered.?* Cadmium, nickel, and cobalt in Foundry Cove sediment 
generally occur in constant molar ratios of approximately 18:20:1, respectively.?* 
The cadmium in Foundry Cove is bioavailable to plants, fish, and inverte- 
brates.???' Klerks?" also reported accumulation of nickel by the benthic macro- 
fauna, but did not find evidence that the cobalt was bioavailable. A nearby cove, 
South Cove, was used as a control site. Cadmium levels in this cove averaged 
about 19 ug/g, somewhat above baseline Cd levels but well below levels found 
in Foundry Cove.?* 
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This study investigated effects of the metals in Foundry Cove on both the 
development of resistance and effects on the taxonomic composition of the 
benthic macrofauna. Effects on the composition of the macrobenthos were as- 
sessed by two taxonomic surveys. The development of resistance was determined 
by quantifying resistance in the oligochaete Limnodrilus hoffmeisteri and the 
chironomid Tanypus neopunctipennis collected from Foundry Cove, their off- 
spring (for the oligochaete species), and animals collected from the control site. 
In addition, the presence of genetic variation for resistance was determined in 
L. hoffmeisteri, by quantifying the amount of heritable variation for metal re- 
sistance in the control population and by performing a laboratory selection ex- 
periment. 


ll. EFFECTS OF METALS IN FOUNDRY COVE ON THE 
COMMUNITY COMPOSITION 


In an initial survey, benthic macrofauna samples were collected by taking 
sediment cores (surface area 35 cm?) over a depth of 0 to 5 cm. Replicate samples 
were taken in the control area (19 g/g Cd) and at three sites in Foundry Cove 
(approximately 500, 7000, and 52,000 pg/g Cd). At 4 of the sites, 5 cores were 
taken at 3 subsites that were approximately 10 m apart, while at the site with 
the highest Cd level (F.C.3, the original outfall site) only 1 set of 5 cores was 
taken as this site covered only a small area. The macrofauna was separated from 
the sediment using a 500 jum sieve, preserved, and later sorted under a dissecting 
microscope. The most abundant taxa, oligochaetes and chironomids, were usually 
identified to the species or genus level. Other taxonomic groups were generally 
identified at the family level. Results are reported here for the last two (October 
11 and December 12, 1984) out of five sampling dates, since site F.C.3 was 
not included in the first three sampling dates. The existence of extremely high 
Cd levels (at F.C.3) was not discovered till the Fall of 1984. Analyses used 
subsite averages (means of five cores) and data for the two sampling dates were 
combined in the absence of significant differences among sampling dates and 
significant interactions between sampling date effects and site effects. 

Densities of macrobenthic organisms did not differ significantly among the 
various sites (Figure 1а). This result held for the combination of all taxa, as 
well as the combination of oligochaetes and chironomids (p 70.05 in ANOVA 
on log-transformed data). There is therefore no evidence that the high metal 
levels in Foundry Cove reduced the total number of organisms present. The 
situation was different however when the number of taxa were compared among 
the sites (Figure 1b). Both for all taxa combined as well as for oligochaetes and 
chironomids, the site with the highest Cd level showed a significantly reduced 
taxonomic diversity relative to all other sites (p «0.05 in a posteriori pairwise 
comparisons on square root transformed data). The combination of an unchanged 
abundance and a reduced number of species means that some taxa are more 
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FIGURE 1. Densities of benthic macrofauna (a) and number of taxa (b) for all 
benthic organisms and the combination of oligochaetes -- chironomids, 
in a site in the control area and three sites in Foundry Cove. Values 
are mean + S.E. for two sampling dates in 1984. Note that sediment 
Cd concentrations at the collection sites are reported in mg/g. 


abundant at the outfall site (F.C.3). This was the case, for example, for the 
nematodes, the chironomid T. neopunctipennis, and the oligochaete L. hoff- 
meisteri. Absent from the outfall site were, for example, the chloromid tribe 
Tanytarsini and genera Polypedilum, Einfeldia, and Cryptochironomus. The chi- 
ronomid genus Procladius also showed a statistically lower abundance at the 
outfall site, yet was present at this site. A possible complication of the conclusions 
on the taxonomic analyses could have been formed by differences in habitat 
type; the outfall site was located in a small cul-de-sac in Foundry Cove, while 
the other sites were located in the main parts of the cove. This left open the 
possibility that this difference in habitat-type was responsible for the reduced 
diversity in the outfall site rather than differences in metal levels. 

To determine if the observed difference in diversity held up among sites 
with different metal levels yet similar in habitat-type, samples were collected 
on September 19, 1986 in both the outfall site and a nearby site also located in 
a cul-de-sac. In each site, 15 cores were taken. Sediment Cd concentrations in 
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FIGURE 2. Densities of oligochaetes and chironomids combined (a) and number 
of chironomid and oligochaete species (b) in two sites in Foundry 
Cove with different metal levels. Values are mean + S.E. for samples 
collected in 1986. Sediment Cd concentrations were determined in 
the «500 jum fraction. 


the «500 рт fraction of the sediment collected together with the macrobenthos, 
were 147,000 ug/g for the outfall site and 10,200 ug/g for the other site (F.C.4). 
Remember that the earlier survey had shown that the taxonomic diversity at a 
site with a Cd concentration of 7050 ug/g could not be distinguished from that 
at a control site. Results, based on averages per core, are similar to the results 
reported for the earlier survey. Densities of the combination of oligochaetes and 
chironomids (Figure 2a) did not differ among the sites (p 20.05 in ANOVA on 
log-transformed data). Taxonomic diversities as expressed by the number of 
species (Figure 2b), were again lower at the site with the highest metal levels 
(p «0.001 in ANOVA on V n-transformed data). It thus appears that the reduced 
diversity in the outfall site is indeed a consequence of the high metal levels at 
this site. 
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lll. RESISTANCE TO METALS IN TWO SPECIES OF 
MACROBENTHOS OF FOUNDRY COVE 


To determine if some of the macrobenthos species present in Foundry Cove 
exhibited an elevated resistance, laboratory bioassays were performed with two 
species: the chironomid Tanypus neopunctipennis and the oligochaete Limnod- 
rilus hoffmeisteri. Animals collected in the control area and in the Foundry Cove 
site, with sediment Cd levels of about 7000 ug/g, were exposed in the laboratory 
to sediments from each site. L. hoffmeisteri was exposed for 28 days, using 
three replicates of 10 worms for each treatment. The chironomids were exposed 
for 14 days (to allow for their short life-cycle), starting the experiment with 
three replicates of 50 first-instar larvae (0 to 1 day old) per treatment. These 
larvae came from laboratory cultures that used sediment from the same site as 
the chironomids with which the cultures were started. All organisms were fed 
during the experiments. Survival was determined at the end of the exposure 
periods. 

Results for L. hoffmeisteri (Figure 3a) show that these worms from Foundry 
Cove have an elevated resistance to the Cd-rich sediment; the difference in 
survival between worms from the two sites was highly significant (p «0.001 in 
ANOVA on square root of number of survivors). None of the worms from the 
control area survived the exposure to Foundry Cove sediment, whereas 9096 of 
the worms from Foundry Cove survived in this sediment. Experiments exposing 
worms from Foundry Cove and the control area to 8.9 рМ Cd, 10.2 pM Ni, 
and 0.5 рМ Co in water (the same ratio as observed for these metals in Foundry 
Cove sediment) confirmed that they are more resistant to the combination of 
Cd, Ni, and Co.” 

The results were different for T. neopunctipennis (Figure 3b); no difference 
in survival could be detected (p 20.05 in ANOVA on square root of number of 
survivors), though the Foundry Cove sediment resulted in a drastic reduction of 
the number of surviving chironomid larvae. Additional experiments with this 
species, exposing them for a longer part of their life-cycle (from larvae to adults 
or egg to adult stage), using more replicates per group and using sediment with 
Cd levels as high as 45,000 ug/g, did not result in the detection of differences 
in resistance between T. neopunctipennis from Foundry Cove and their conspe- 
cifics from the control area.*! 

As noted in the introduction, an increased resistance in organisms collected 
from a polluted site can be due to either acclimation or adaptation. To determine 
if the increased resistance to Cd-rich sediment in L. hoffmeisteri collected from 
Foundry Cove had a genetic basis, resistance in laboratory-reared offspring was 
investigated.?? Worms from Foundry Cove were kept in clean sediment for two 
generations. Resistance to Cd-rich sediment was then compared among these 
offspring and worms collected from Foundry Cove and the control site. This 
was done in the same 28-day exposure procedure described earlier, except that 
sediments with a wider range in Cd concentrations were used in this experiment. 
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FIGURE 3. Resistance comparison for the oligochaete L. hoffmeisteri (a) and the 
larval stage of the chironomid T. neopunctipennis (b) between animals 
from the control site and individuals from Foundry Cove. Organisms 
from both sites were exposed to control sediment and metal-rich 
Foundry Cove sediment. Values are mean + S.E. (n = 3). Oligo- 
chaetes were exposed for 28 days (with 10 worms per replicate on 
day 0), while chironomids were exposed for 14 days (starting with 50 
first-instar larvae). (Figure 3a is modified from Klerks, P. L. and Lev- 
inton, J. S., Biol. Bull., 176, 135, 1989. With permission.) 


Sediments with Cd concentrations ranging from about 20,000 to 90,000 ug/g 
were obtained by collecting sediment from various sites in Foundry Cove, sieving 
this to a less than 250 jum particle size, combining aliquots of sediment from 
different sites in various ratios, and stirring the combined sediment manually. 
Results of this experiment (Figure 4) show that very few of the worms survived 
the exposure to the sediment with Cd levels in excess of 50,000 ug/g. However, 
worms collected from Foundry Cove and their second generation offspring ex- 
hibited overall a significantly higher survival than the worms from the control 
area (in a multiple ż-test at а = 0.05 on square root of number of survivors). 
The results of this experiment thus show that the resistance in 
L. hoffmeisteri from Foundry Cove is largely genetically determined. Overall, 
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FIGURE 4. Resistance comparisons among L. hoffmeisteri from the control site, 
Foundry Cove, and second generation offspring of the Foundry Cove 
worms reared in the laboratory in control sediment. Worms were ex- 
posed for 28 days to sediment with various metal levels. Values are 
mean + S.E. (п = 3, with 10 worms per replicate on day 0). (From 
Klerks, P. L. and Levinton, J. S., Biol. Bull, 176, 135, 1989. With 
permission.) 


no statistically significant difference in survival was detected between the worms 
collected from Foundry Cove and their offspring. However, the offspring tended 
to show a somewhat lower survival rate than the field-collected Foundry Cove 
worms. This reduction was statistically significant at one of the intermediate Cd 
levels, indicating a small environmental component in the resistance or a re- 
duction in resistance upon relaxation of the selection pressure. 


IV. GENETIC VARIATION FOR RESISTANCE IN LIMNODRILUS 
HOFFMEISTERI FROM THE CONTROL AREA AS DETERMINED 
BY HERITABILITY ESTIMATES AND A SELECTION 
EXPERIMENT 


The genetic adaptation of L. hoffmeisteri to the high metal levels in Foundry 
Cove demonstrated that genetic variation for this resistance was initially present 
in this population. Frequency distributions of resistance among worms collected 
from specific sites in Foundry Cove (with resistance being determined as survival 
time upon exposure to a combination of Cd, Ni, and Co in reconstituted fresh 
water), indicated that the resistance in L. hoffmeisteri was а polygenic trait.?' 
However, we do not have any more direct evidence on the number of genes 
involved in this resistance. Research addressing this issue is currently underway. 
For assessing the speed at which the evolution of resistance can occur, it is 
important to quantify the amount of genetic variation for resistance. This variation 
in a population not subjected to an intense selection was assessed by determining 
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FIGURE 5. Relation between resistance in pairs of L. hoffmeisteri from the control 
site and their offspring. Resistance determined as survival time in 
water with 8.9 рМ Cd, 10.2 „М Ni, and 0.5 „М Co. 


the heritability of resistance to the combination of Cd, Ni, and Co in the control 
population, using standard quantitative genetics procedures.?^ The heritability 
(also called narrow-sense heritability) of a trait is the proportion of the phenotypic 
variation that consists of additive genetic variation (i.e., the variation that se- 
lection acts upon). 

Animals were reared in pairs, and offspring were regularly separated from 
the parents. Metal resistance was then quantified by determining survival times 
of parents and offspring, in water spiked with 8.9 pM Cd, 10.2 рМ Ni, and 
0.5 ШМ Co. The regression of mean offspring survival times on midparent 
survival times, shown in Figure 5, translates into a heritability of 0.93 + 0.12 
(S.E.). This is very close to the theoretical maximum of 1. Applying a weighting 
factor (based on the number of offspring in each family) to offspring mean 
resistance values resulted in a virtually unchanged heritability estimate of 0.92 
+ 0.12. Another estimate, obtained from the regression of individual offspring 
survival times on individual parent values, was very high as well: 1.07 + 0.10 
(n = 455). Following the selection experiment (see below), a heritability estimate 
was obtained from the regression of the selection response on the cumulative 
selection differential (a cumulative measure of the selection applied). This re- 
alized heritability of 0.59 -- 0.14 was somewhat lower than the estimates ob- 
tained from the resemblances between relatives, but again indicated that a large 
part of the variation for resistance to the combination of Cd, Ni, and Co in the 
control population consisted of (additive) genetic variation. This means that the 
resistance in Foundry Cove could have evolved very rapidly, assuming similar 
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heritabilities in this population prior to the metal waste discharge. For example, 
at a heritability of 0.6 and the top 40% in resistance of the population contributing 
to the next generation, the resistance observed in Foundry Cove would have 
evolved in about four generations. 

The potential for the evolution of resistance in a control population was also 
addressed by performing a laboratory selection experiment. Three selection lines 
and one control line were started, with 441 juveniles each. Juveniles of the four 
lines came from the same source, pooled laboratory populations of worms from 
the control area. The three selection lines were exposed as adults to either metal- 
rich Foundry Cove sediment (in generation 0) or to Cd, Ni, and Co in water (in 
subsequent generations, this change being implemented to speed up the selection 
process). Surviving adults were allowed to reproduce in control sediment. Sub- 
sequently, the next generation was then started with 500 of their offspring, in 
each line. For the control line, the number of adults was reduced in each gen- 
eration to the same (average) number that survived the selection exposures in 
the other lines. This was done to obtain the same effective population size (and 
thus inbreeding coefficient) in the control line as in the selected lines. The 
selection was continued for three generations and, on average, the individuals 
belonging to the top 14% in resistance were selected to contribute to the next 
generation. In each generation, resistance was quantified by determining survival 
times of adults exposed to 8.9 М, 10.2 рМ Ni, and 0.5 „М Co in reconstituted 
fresh water. The response to the selection was very rapid; a strong increase in 
resistance was obtained by the second generation (Figure 6). 

The final difference in resistance between the selected lines and the control 
lines amounted to about 66% of the difference in resistance that was found 
between L. hoffmeisteri collected from Foundry Cove and their conspecifics 
from the control site. At this rate, the field-observed differences could have been 
obtained in four to five generations of selection at the conditions used in our 
laboratory selection procedure. 


V. DISCUSSION 


The demonstration of a reduced number of macrobenthic taxa at the most 
cadmium-, nickel-, and cobalt-polluted site in Foundry Cove is consistent with 
other studies in metal-polluted environments. '? Surprisingly, no difference was 
found among the control area and the sites in the main part of Foundry Cove, 
despite sediment Cd levels as high as 7000 pg/g in the latter area. The fact that 
no difference in total number of taxa among these sites was detectable could be 
due to either a low metal-bioavailability, a low sensitivity of this parameter, or 
migration among sites. Other aspects of our study favor the explanation involving 
a low sensitivity of changes in the total number of taxa. It has been pointed out 
that such broad indices as species diversity are not very sensitive in detecting 
responses to stress, even though specific changes in species composition are 
among the earliest detectable responses.?* 
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FIGURE 6. Response to selection in L. hoffmeisteri from the control site selected 
for an increased resistance to Cd, Ni, and Co during three generations. 
Response expressed as the difference in resistance (determined as 
survival time in 8.9 „M Cd, 10.2 рМ Ni, and 0.5 рМ Co in water) 
between a selected line and the control line. Values are mean (with 
95% confidence interval) of the difference with the control line, with 
the three different line symbols each referring to a different selection 
line; n — 60 for the determinations of survival times, except where 
noted otherwise. (From Klerks, P. L. and Levinton, J. S., Biol. Bull., 
176, 135, 1989. With permission.) 


Our study did not detect any differences in total density of the macrobenthos 
among the differently polluted sites. This contrasts with studies conducted in 
Foundry Cove during 1973 and 1974.?* The difference might reflect the reduction 
of Cd levels in Foundry Cove between 1974 and 1984, or could be related to 
the development of resistance in L. hoffmeisteri. If this species in Foundry Cove 
has become more resistant since 1974, a further increase in its abundance would 
have offset the lower abundance of other species. As mentioned earlier, our 
survey in 1984 showed that L. hoffmeisteri is much more abundant at the most 
polluted site than at the other sites. 

The oligochaete L. hoffmeisteri in Foundry Cove was shown to have evolved 
a resistance to the high metal levels in this marsh. This adaptation has taken 
place in less than 30 years, demonstrating that response to selection in natural 
populations may be very rapid. This finding agrees with observations on the 
development of resistance in natural populations of pest species treated with 
pesticides. A review of the development of resistance to pesticides reported a 
rather narrow range of typically 5 to 50 generations of selection till resistance 
evolved, among numerous pesticide resistance cases.? Both the result of our 
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selection experiment and the estimates of the heritability of resistance (of 0.59 
to 1.07) demonstrate that resistance can evolve very rapidly. Similarly high 
heritabilities of resistance to stress have been reported by others: a heritability 
of 0.50 for resistance to sulfur dioxide in Geranium carolinianum," and a 
heritability of 0.64 of resistance to desiccation in Drosophila melanogaster.’ 

The resistance in L. hoffmeisteri from Foundry Cove is not due to a reduced 
metal accumulation,?? though this mechanism has been shown to be responsible 
for some cases of an increased metal resistance. For example, a copper-resistant 
strain of the alga Ectocarpus siliculosus was shown to accumulate less copper 
than their copper-sensitive conspecifics.*° It appears that in worms from Foundry 
Cove, more Cd is detoxified by binding to a metallothionein-like protein than 
in L. hoffmeisteri from the control area.?? In addition, Cd occurred in granules 
in worms from the metal-resistant population. Small (1-рт scale) granules and 
larger (up to 30 jum) granular aggregates were found in which Cd was possibly 
present as CdS. In addition, Cd was present in other small granules, possibly 
as a mixed calcium-cadmium-iron phosphate.?? 

Our resistance comparisons showed that L. hoffmeisteri in Foundry Cove 
has adapted to the high metal levels, whereas no resistance differences could be 
detected for the chironomid T. neopunctipennis. This difference between the two 
species could be due to the much lower metal accumulation in the chironomid 
than in the oligochaete.?' Moreover, it is also expected that the amount of gene 
flow among sites will be higher for the chironomid (with a flying adult stage) 
than for the worm species. The choice of species to be included in the resistance 
comparisons was based on the availability of sufficient individuals for conducting 
experiments, as well as the success of maintaining laboratory cultures. For 
example, of the several species of chironomids brought into the laboratory, only 
T. neopunctipennis reproduced under the conditions that were used. The use of 
L. hoffmeisteri and T. neopunctipennis in the resistance comparisons meant that 
these comparisons were performed only with the two species that were most 
abundant at the site with the highest metal levels. Though the organisms used 
in the resistance comparisons were collected in a site in Foundry Cove where 
metal levels were lower (and where the two species in question did not exhibit 
an elevated abundance), it is unlikely that the resistance comparisons were rep- 
resentative of all the species present in the control area. Consequently, our study 
Showed that some species may evolve a resistance to environmental pollutants, 
rather than demonstrating that resistance will evolve in many of the species in 
a polluted environment. Moreover, it has been pointed out that in order to assess 
the consequences of environmental change, one should worry about the species 
that do not evolve.*' Now it has been shown by several investigations that some 
species can adapt to a changed environment, more insight might be obtained by 
investigating species that have disappeared from a changed environment. 


236 Ecotoxicology of Metals in Invertebrates 


VI. FUTURE DIRECTIONS 


It has now been well established that evolutionary responses to toxic sub- 
stances are common, but uneven in effects. Current research, however, has not 
been complete enough usually to understand the genetic architecture of adaptation 
to metals, nor have studies led to an understanding of potential interactions with 
neighboring populations. Our current understanding of the rapid evolution of 
resistance in L. hoffmeisteri permits exploration of some of these problems. 


A. Cost of Adaptation 


There clearly is much allelic variation for resistance in populations in rel- 
atively clean environments. This allows a rapid response to selection, as has 
been observed in Foundry Cove and in our selection experiments. We do not 
know, however, whether there is a cost to the adaptation to metals. We define 
cost as the reduction in fitness of a metal-adapted genotype. Owing to genotype- 
environment interactions we expect that the costs can be of two types: (1) costs 
associated with exposure to the metal; and (II) costs associated with the evolution 
of the adaptation itself. In the first case, the ability to sequester large amounts 
of cadmium may have extensive metabolic costs. Production of large amounts 
of the protein metallothionein may be costly, as may be the suite of transport 
processes used to sequester and eventually excrete the metal. Even when the 
animal is not exposed to metal, the possession of metal-resistance genes may 
have type II costs, since they may automatically induce a set of stereotyped 
physiological reactions which cost energy. It is possible, for example, that re- 
sistant strains automatically produce more sequestering organelles, which re- 
moves energy that might be allocated to other functions. Type II costs may also 
include changes in genes not related to metal resistance, but related to the 
selection process itself. For example, strong natural selection for metal resistance 
might involve the breakup of a strongly coadapted genome. In addition, genes 
linked to the genes involved in resistance might hitchhike to increased frequency 
in the population. This might be tested by an allozyme survey of the selected 
population, as compared to a metal-vulnerable population. 

An understanding of these costs is important in assessing the potential for 
gene flow with other populations. If type I costs matter, resistant genotypes may 
do poorly in polluted habitats, and will contribute fewer offspring and hence 
fewer colonists to adjacent habitats. If type II costs are present, the resistant 
genotypes may disperse to other habitats, but they will not persist in very great 
abundance, since they are at an energetic disadvantage relative to local genotypes. 

Type I costs would be encumbered only when the animal is exposed to 
metals. Type II costs may not be present, since the adaptation may possibly be 
explained by gene amplification. There is only limited evidence for amplification 
in insecticide resistance.*? In Drosophila melanogaster, cases of gene duplication 
for the metallothionein gene are known, and these might influence adaptation 
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to metals.** If gene multiples are selected in resistant populations, then the type 
II costs of adaptation may just involve the possession of more copies of a gene, 
which only involves synthesizing a little bit more DNA. However, type II costs 
may be substantial, even if resistance is due to gene amplification (for example, 
where the amplification results in elevated basal levels of metallothioneins). 


B. Number of Genes Explaining the Trait 


It is useful to understand the quantitative genetics of resistance, as we have 
demonstrated above for L. hoffmeisteri. The presence of resistant and susceptible 
populations also allows a study of the number of segregating genetic control 
elements, which we are now performing (Levinton and Martinez, in preparation). 
Such an analysis of resistance has been performed for the resistance to arsenic 
in the grass Agrostis capillaris.** 

An algorithm to determine the number of segregating factors was first de- 
veloped by Wright and has been discussed succinctly with several applica- 
tions.^5 Briefly, one crosses populations with different values of a trait to produce 
an F1 generation, and then calculates the increase of variance in the trait found 
in the F2. апае“ found that many morphological traits are underpinned by five 
to ten factors, which is a minimum estimate for the number of controlling genes. 
In cases where rapid evolution occurs, there is reason to believe that an allele 
at one locus might be recruited and would be the major source of evolutionary 
change. Major genes with modifiers, as observed for the As resistance in A. 
capillaris," may be а common genetic architecture for traits under strong se- 
lection. 

If only one factor underlies the resistance, then the trait is segregating as a 
Mendelian gene with two alleles. If we find this for L. hoffmeisteri, it is rea- 
sonable to conclude that the metallothionein gene is completely responsible for 
the genetic aspects of the evolution of resistance. 


C. Molecular Studies of the Metallothionein Gene 


Because a metallothionein-like protein is found in very high activity in the 
resistant strain of L. hoffmeisteri, we plan to investigate the molecular biology 
of adaptation by examining directly possible changes in the metallothionein 
gene(s), which have not yet been investigated in oligochaetes. Such genes have 
been identified and sequenced in several organisms, including the nematode 
Caenorhabditis elegans,” the fungus Candida glabrata,** the sea urchin Stron- 
gylocentrotus purpuratus,* and the fruit fly Drosophila melanogaster. Using 
either protein purification and cloning or PCR, it should be possible to sequence 
the gene, and to search for cases of duplicates or sequence differences in the 
metallothionein genes of metal-adapted individuals. 
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